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Abstract
We use a sensitive magneto-optical microscopy technique to image the magnetization response of micron-scale ferromag-
netic disks to changes in applied magnetic field. This differential technique relies on a modulated applied magnetic field
which allows us to measure changes in magnetization < 1% with sub-micron resolution. The disks are magnetized in
single vortex domains, with defects in the material serving to pin the vortex core at particular positions. By applying a
small AC magnetic field, we measure the deformation of the magnetization while the core remains pinned. We can also
characterize the strength of the pinning site by increasing the AC magnetic field to unpin the vortex core. While pinned,
we find that the magnetization away from the core reorients slightly to better align with an applied field. Additionally,
an applied field causes the pinned core itself to tilt in the direction of the field. Once the field is large enough to unpin
the core, this tilt disappears, and the core instead translates across the disk.
1. Introduction
The controlled movement of domain walls in micro-
magnetic structures is of increasing interest with promis-
ing applications as spintronic storage devices [1, 2] and
logic elements[3]. As a result it is important to gain an
understanding of domain wall dynamics. The presence of
impurities and intrinsic material defects, found in all real
samples, affects the mobility of domain walls causing them
to be trapped at pinning sites[4, 5, 6, 7, 8]. Thin disks
composed of soft magnetic materials have been shown to
exhibit a ground-state vortex structure, which is character-
ized by a single large curl of in-plane magnetization and a
central vortex core region of magnetization normal to the
plane[9, 10, 11]. The high energy density of the central
vortex region enhances local interaction with pinning sites
[12, 13], making these structures well suited for studying
domain dynamics in the presence of disorder.
Extensive work has been done on the interaction be-
tween magnetic vortices and artificially created pinning
sites by means of micro-Hall magnetometry[4, 14, 15], Lorentz
transmission electron microscopy[5], and scanning x-ray
transmission microscopy[16]. Optical probing by means of
time-resolved Kerr microscopy has allowed for the mea-
surement of gyrotropic frequency suppression in the pres-
ence of naturally occurring pinning sites[6, 17, 18]. Recent
work has begun considering the magnetic field induced de-
formation of the vortex domain structure while it is pinned
[19], and indirect experimental evidence for the pinned vor-
tex deformation has been seen[20].
Here, we develop and use a sensitive magneto-optical
technique to image the magnetization response to a change
in magnetic field of both pinned and unpinned vortex do-
mains, with sub-micron resolution. By modulating both
the probe laser and the applied magnetic field, we achieve
sufficient sensitivity to map out the deformation of the vor-
tex domain structure while it is trapped in a pinning site.
A similar technique was used in Ref.[18] to measure tempo-
ral dynamics of magnetic domains – here we focus on static
magnetization maps. We find that the in-plane magneti-
zation away from the pinned vortex core deforms to better
align with the applied field, as predicted by[19, 20]. Ad-
ditionally, we find that an asymmetry in the out-of-plane
component of the magnetization arises when the vortex is
deformed, which we attribute to a tilting of the pinned vor-
tex core. In both the pinned and unpinned cases, we also
measure an out-of-plane magnetization component near
the edge of the structures, likely due to the magnetostatic
charge that accumulates on the adjacent sides of the mag-
netic disks. These results provide a more detailed picture
of the process of domain pinning and unpinning, and may
lead to more accurate modeling of domain wall motion.
2. Methods
A schematic of the sample is shown in Fig. 1(a). A
100-nm-thick gold stripline waveguide was patterned via
photo-lithography and thermal evaporation on a sapphire
substrate. The stripline tapers to a 10 µm width at the
center. Atop this central region of the stripline, 30 nm
thick Permalloy (Ni0.81Fe0.19) disks (diameter d = 1 and
2 µm) were fabricated via electron beam lithography, elec-
tron beam evaporation, and liftoff. Naturally occurring
defects in the Permalloy serve as pinning sites for the vor-
tex core.
The experimental setup (Fig. 1b) is based on a stan-
dard scanning magneto-optical Kerr effect (MOKE) mi-
croscope [21]. A diode laser (λ = 660 nm) is sinusoidally
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Figure 1: (a) An illustration of a Permalloy disk atop the gold mi-
crostripline. A constant field is produced by an electomagnet along
the y-direction and an alternating field is produced along the x-
direction by an alternating current through the stripline. (b) An
illustration of the important optical and electronic components of
the experiment. Here LP is a linear polarizer, BB is a beam blocker,
λ/2 is a half-wave plate, Woll. is a Wollaston prism, PD is a bal-
anced photo-detector, and EM is an electromagnet. (c) Simulated
maps of the Mα component of magnetization with an applied field of
±∆H = 600 A/m, where α = x, y, z from top to bottom respectively.
The difference of these maps is taken to generate the contrast map
∆Mα. Arrows indicate the small feature from the vortex core.
modulated at frequency fL = 200 Hz, and is linearly po-
larized and focused onto the sample through a 100x oil im-
mersion objective (numerical aperture, NA = 1.25). The
sample is mounted on a three-axis piezo-driven stage, and
is situated between the poles of an electromagnet which
supplies a constant magnetic field H0 in the y-direction.
The reflected light is collected back from the objective,
and the Kerr rotation is measured using a balanced photo-
diode detector. The measurement can be carried out by
either collecting all of the reflected light, or by blocking
the bottom, or left half of the reflected beam. When all
of the probe light is collected, the Kerr rotation measures
the out-of-plane magnetization componentMz. When half
the beam is blocked, the collected light has reflected off
the sample at an nonzero average angle of incidence, and
therefore is also sensitive to the in-planeMx orMy magne-
tization component when blocking the bottom or left half,
respectively.
An in-plane alternating magnetic field with amplitude
∆H was applied to the sample in the x-direction by run-
ning a square wave current through the waveguide at fre-
quency fS = 15 kHz. The damping time for these mag-
netic domains are on the order of td ∼ 100 ns [22]. Because
fS ≪ t
−1
d , we can assume that the magnetization alter-
nates between two static configurations at ±∆H . There is
a component of the MOKE signal arising from the differ-
ence in magnetization between ±∆H which will be mod-
ulated at frequency fS ± fL. The signal from the bal-
anced photodiode detector was passed through an ampli-
fier equipped with a band-pass filter from 10 kHz to 30kHz.
This filter removes any part of the signal not arising from
the Kerr effect, such as reflection off of the waveguide when
the laser spot is near the edge of the sample. The signal
is then sent to a lock-in amplifier with reference frequency
fS , and time constant 640 µs. The output of the first
lock-in amplifier is sent to a second lock-in amplifier with
reference frequency fLwith time constant 200 ms.
In a traditional scanning MOKE microscopy measure-
ment only the probe laser is modulated, and after a sin-
gle lock-in, magnetization over the surface of the sample
~M(~ρ, ~H) is measured, where ~ρ is the two dimensional po-
sition vector [21]. The different components of ~M are de-
termined separately by blocking or unblocking the probe
beam, as described above. This technique is particularly
problematic near the edges of magnetic structures, or for
small samples where the probe is always near an edge.
The presence of reflection from the underlying substrate
and polarization effects due to the edges, in conjunction
with sample vibration or position drift, translate into large
sources of noise and signal drift. These problems are largely
eliminated with the addition of the alternating field ∆H ,
and the second lock-in amplifier. In this case, we probe the
change in the magnetization ∆ ~M(~ρ,H,∆H) = ~M(~ρ, ~H +
∆ ~H) − ~M(~ρ, ~H − ∆ ~H). The measured signal ∆M˜ with
the probe spot centered at position ~ρ is the convolution of
the focused probe profile I(~ρ) and ∆M :
∆M˜α(~ρ,H,∆H) =ˆ
Iα(~ρ− ~ρ
′)∆Mα(~ρ′, H,∆H)d
2ρ′, (1)
where α = x, y, z. In general, the focused probe profile
depends on α, because of the different beam blocking ge-
ometries. Iz is radially symmetric, whereas Ix and Iy are
elongated in the x- and y- directions respectively, resulting
in some distortion of the images.
A map of ∆M˜(~ρ) is obtained by monitoring the signal
while raster scanning the sample at a fixed H and ∆H .
The intensity of reflected light R(~ρ) is also monitored, and
is used to normalize the signal to account for drift of laser
intensity or differences in reflectivity. Figure 1c illustrates
the interpretation of this measurement, for a simulated
unpinned vortex. At +∆H , the vortex core is shifted to
the left, and at −∆H the vortex is shifted to the right.
A map of Mx, My, and Mz is shown for both cases. The
map of ∆ ~M represents the difference between these sets
of images. The actual measured images ∆M˜α are smeared
out by the probe spot profile.
In order to understand the measured maps of ∆M˜ ,
we have compared to the results of micromagnetic simu-
lations (using the Object-Oriented Micromagnetic Frame-
work, OOMMF [23]). The 30 nm thick, 2 µm diameter
magnetic disk is discretized with a 6 × 6 × 6 nm grid
(333 × 333 × 5 cells). To model a pinning site, a 12-nm-
radius region of the sample is set to a reduced saturation
magnetization Mpins = 0.85Ms. Initially in an idealized
vortex, the magnetization is allowed to relax at different
2
values of applied magnetic field, producing simulated maps
of ~M(~ρ, ~H). We then calculate ∆ ~M , and convolve with
the diffraction-limited probe profile Iα to find ∆M˜α. In-
cluding the asymmetry of Ix,y due to the partially blocked
beam gives rise to some distortion of the simulated images,
which can be seen in the experimental results. For clarity,
however, we will take Ix,y,z to all be radially symmetric
Gaussian spots in the simulated images presented below.
3. Results and Discussion
This technique provides both a straightforward means
to characterize the pinning sites present in the sample, and
to study how the magnetization changes with magnetic
field both in the pinned and unpinned regimes. First, we
will characterize a pinning site, then discuss the behavior
of the magnetization as it interacts with that site.
When measuring ∆M˜ at increasing values of ∆H , a
sudden jump in signal amplitude is observed as the vortex
becomes unpinned, and the vortex core becomes free to
move. We can conveniently monitor this depinning transi-
tion by centering the probe spot at the vortex core position
in the ∆M˜x map, and sweeping ∆H , as shown in Fig. 2.
When the vortex is pinned, there is little change in the
magnetization near the vortex core. However, when ∆H
is large enough to depin the vortex, the core can translate
freely. As the vortex core translates to both sides of its
equilibrium position, Mx changes from near +Ms to −Ms
at this central point, resulting in a large signal in ∆M˜x.
Figure 2 shows ∆M˜x(~0, 0,∆H) from a 2 µm diameter
disk. At ∆H < 320 A/m, the signal at the center of the
disk increases slowly due to the deformation of the vortex
in the region overlapping with the probe spot, but away
from the core. Around ∆H = 320 A/m, the signal in-
creases rapidly as the vortex becomes unpinned. At higher
∆H , the curve shows (reproducible) behavior consisting
of increasing signal and plateaux. Here, the vortex is be-
ing shifted through the potential landscape away from the
original pinning site, which includes other nearby pinning
sites. The images in Fig. 2 show two scans of ∆M˜x(~ρ) at
two values of ∆H . The image at ∆H = 240 A/m has lower
signal than at ∆H = 440 A/m, and less signal strength at
the vortex core at the center of the disk.
By changing the static fieldH , the vortex can be moved
to different pinning sites, with different strength. The in-
set to Fig. 2 shows scans of ∆M˜x vs. ∆H at different
values of H , centered on the vortex core equilibrium po-
sition ~ρ0. In each data set we see a sudden increase in
magnetization response indicating the vortex core has de-
pinned from its position at ∆H = 0. The response taken
at H = −1600 A/m demonstrates multiple distinct jumps
indicating multiple depinning events with increasing field.
From the data in Fig. 2, we can obtain an estimate of
the energy Epin of the pinning potential. To do so, we use
a rigid vortex model (RVM), following Refs [19, 24, 25].
In the RVM, the vortex is specified by the distance r from
the center of the disk to the core. The total energy E
of the system, comprised of magnetostatic, exchange, and
Zeeman energy, is expressed as a function of r. In the
absence of pinning, and with r ≪ R (the radius of the
disk), the total energy can be expressed as
E0
µ0M2s V
=
β
2
b2 − h
(
b−
b
8
3
)
(2)
where b = r/R the normalized radial distance, Ms = 8 ×
105 A/m is the saturation magnetization for Permalloy,
h = H/Ms is the normalized applied field, V is the volume
of the entire structure, and β = 0.0157 is a parameter
which we obtain by fitting the displacement of the core vs.
H in the micromagnetic simulations. The minimum of E0
vs. h describes how the vortex moves freely in response to
a magnetic field. We then include a pinning site potential
E′ in the total energy as E = E0 + E
′, with
E′ = −Epine
−
b2
2γ2 . (3)
Solution of this problem requires minimization of the
total energy with respect to vortex core displacement. The
width γ and depth Epin of the pinning potential are ad-
justed such that depinning is observed at the field at which
the depinning step occurs in the data, resulting in a spec-
trum of solutions Epin(γ). γ and Epin are further con-
strained by the slope of the pinned and unpinned signal,
where increased curvature of the pinning potential results
in a reduction of the pinned slope [19, 20]. We find that
the observed depinning transition at H = 318 A/m corre-
sponds to a depth of Epin ≈ 1 eV and width of γ ≈ 4 nm.
The other pinning sites shown in the inset to Fig. 2 are
found to have depths ranging from Epin ≈ 0.4 − 3.0 eV
and widths ranging from γ ≈ 4− 10 nm.
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Figure 2: Magnetization response ∆M˜x(~0, 0,∆H) at the center of
a 2-µm-diameter and 30-nm-thick Py disk. Also shown are mag-
netization response maps ∆M˜x(~ρ, 0,∆H) taken at ∆H = 240 A/m
and 440 A/m. Included in the inset are magnetization responses
∆M˜x(~ρ0,H,∆H) with a static offset of H = −1600 A/m and
400 A/m, and ~ρ0 centered on the vortex core.
Now we turn to the mapping of the magnetization re-
sponse in the pinned and unpinned regimes. Figures 3(a)
and (b) show magnetization response maps ∆M˜α(~ρ,H =
0,∆H) of 1 µm and 2 µm diameter 30-nm-thick Py disks.
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The pinned scans were taken with ∆H below the jump
seen in Fig. 2 (∆H = 240 A/m for the 2 µm disks and
∆H = 970 A/m for the 1 µm disk), and the unpinned scans
were taken with ∆H above the jump (∆H = 440 A/m for
the 2 µm disk and ∆H = 1260 A/m for the 1 µm disk).
The 1 µm and 2 µm disks show qualitatively similar be-
havior in all cases, demonstrating the generality of these
results. In some cases, low signal-to-noise makes the pat-
tern hard to discern, and the image may be more visible
in one sample than the other.
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Figure 3: Magnetization response maps ∆M˜α(~ρ, 0,∆H)) of (a) 1 µm
and (b) 2 µm diameter 30 nm thick Py disks in pinned and un-
pinned regimes along the three magnetization components (α =
x, y, z).The maps were generated using ∆H = 240 A/m (pinned)
and ∆H = 440 A/m (unpinned) for the 2 µm disk. Field strengths
of ∆H = 970 A/m (pinned) and ∆H = 1260 A/m (unpinned) were
used for the 1 µm disk. All images are set to cover the same range
of values after multiplication by the indicated scale factor. (c) Sim-
ulated magnetization response maps generated using OOMMF for
the 2 µm disk with ∆H = 200 A/m (pinned) and ∆H = 400 A/m
(unpinned). (d) Same as (c), but with the central 120-nm-radius
region of simulated magnetization masked before convolution with
the probe profile.
Figure 3(c) shows the simulated magnetization response
∆M˜ for the 2 µm disk. Here, a pinning site was included at
the center of the disk, as described in the methods section.
In the simulation, motion of the vortex core is strongly
suppressed for ∆H ≤ 200 A/m due to the presence of
the pinning site. When ∆H is increased to 400 A/m, the
vortex core is unpinned and exhibits a jump in position.
The relative magnitude of the images in Fig. 3(a)-(c)
are indicated by the scale factors below each image. The
gray scale is set to cover the same range of values for each
image in (a), (b), and (c) by multiplying the data by the
indicated factor. In each case, the unpinned ∆Mx compo-
nent has the largest signal range, and the others are scaled
up to cover the same range. The zero of the signal in each
case can be seen as the background color. In each case,
we see the expected increase in signal (decrease in scale
factor) going from the pinned to corresponding unpinned
situation. Additionally, we see that the ∆My component
is smaller in magnitude than the ∆Mx component by a
factor of ∼ 2 − 6 in both measurements and in the simu-
lation. The simulated ∆Mz component is about 50 times
smaller than the measured signal. In the simulation, how-
ever, we do not take into account the differing MOKE
efficiency for the z component vs. the x and y compo-
nents. Given the relatively small angle of incidence of the
incoming probe, we expect the experimental z component
to be significantly enhanced as compared to the x and y
components.
The simulated images capture the essential features of
the data, and allow us to interpret these images. It should
be noted that a portion of the ∆M˜z component is also
present in the ∆M˜x,y images due to the probe angle of in-
cidence < 90◦, which adds some distortion to the images.
The ∆M˜x,y components also show distortion from the par-
tially blocked probe beam. For simplicity, neither effect
is included in the simulated images shown. We have also
carried out the simulations with these distortions included,
and better agreement with the experiment is obtained, at
the expense of clarity.
The primary difference in ∆M˜x and ∆M˜y between the
pinned and unpinned cases is an increase in the magni-
tude of the signal as the vortex core becomes free to move.
Closer examination of the ∆M˜x images reveals that the un-
pinned image has increased weight near the center of the
disk, as compared to the periphery. In the pinned case,
the signal arises from distortion of the vortex away from
the core as it tries to align with the applied field. Once
the vortex core can move, the signal arises both from the
distortion away from the core, and from the displacement
of the core itself. The contributions from the motion of
the core and the distortion away from the core can be sep-
arated in the simulation by masking the vortex core in the
simulation. That is, we calculate ∆M˜α with the central
120-nm-radius region of the ∆ ~M map set to zero, before
the convolution with the probe spot. Figure 3(d) shows
the masked simulated ∆M˜α images for the 2 µm disk, in
both the pinned and unpinned cases. ∆M˜y looks almost
identical with the vortex core masked or unmasked, indi-
cating that this component is due largely to deformation
of the vortex away from the core. The pinned ∆M˜x images
look similar with and without the mask, while the masked,
unpinned ∆M˜x does not show the increased signal at the
center, attributed to motion of the vortex core.
The ∆M˜z component shows the most striking differ-
ence between the pinned and unpinned regimes. The pinned
∆M˜z map shows an antisymmetric feature at the center of
the disk aligned along ∆H (the vertical axis), whereas the
unpinned ∆M˜z map has a similar feature, but perpendic-
ular to ∆H (the horizontal axis). Additionally, both the
pinned and unpinned case show an anti-symmetric feature
at the top and bottom edges.
To understand the measured ∆M˜z maps, in Fig. 4(a)
and (b) we plot the simulated Mz on the top and bot-
tom surfaces of the disk, with an applied magnetic field
Hx = 200 A/m (pinned) and Hx = 400 A/m (unpinned).
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Note that the color scale is set to a full range of±0.0005Ms
to show the relevant small effects. In the vortex core
Mz ≈Ms, so the color scale is completely saturated here,
showing up as the central red dot. The black dashed lines
indicate the center of the disk. The images of the top
and bottom of the disk are flipped about the x-axis, as
indicated by the coordinate axes.
The simulated images of Mz show increasing out-of-
plane magnetization at the edges of the disk with increas-
ing applied field. Comparing the sign of this effect on the
top and bottom faces, this is a “splaying” of the magnetiza-
tion with opposite sign on the opposing faces. As the mag-
netic field is increased, the magnetization has a small com-
ponent normal to the sides of the disk (not shown), as the
magnetization begins to align with the field. This normal
component can be interpreted as magnetostatic “surface
charge” accumulating on the sides of the disk. The total
energy is reduced when this surface charge spreads slightly
onto the top and bottom faces resulting in outward point-
ing normal magnetization on one edge and inward pointing
normal magnetization on the diametrically-opposite edge.
This explains the anti-symmetric feature occurring at the
disk edges in the ∆M˜z maps. The short length-scale mod-
ulations inMz seen near the edges of the simulated images
arise from the discrete grid of the simulation. A perfect
circle would not show these modulations, though a similar
effect may arise in practice from defects at the edge of the
disk. In any case, the length-scale of these modulations is
too small to be seen in the experiments.
The feature at the center of the the pinned ∆M˜z map
can be understood as a tilting of the pinned vortex core.
As seen in Fig. 4(a), a “halo” , with Mz ≈ −0.02Ms, sur-
rounds the vortex core, with sign opposite to that in the
core (appearing as a blue region). This can be interpreted
as the response of the magnetization to the magnetic field
produced by the vortex core dipole moment. AtH = 0, the
halo is symmetric about the vortex core (not shown). As
H is increased to 200 A/m, the halo becomes asymmetric
along the applied field. Moreover, the asymmetry is oppo-
site on the top and bottom faces. This asymmetry can be
clearly seen in the line cuts ofMz through the center of the
disk, shown in Fig. 4(c). This can be explained by a tilting
of the dipole moment of the vortex core, to partially align
with the applied field. For comparison, we can model the
core as a magnetic dipole with moment ~m, positioned at
the center of the disk, halfway between the two faces. Tak-
ing the magnetization distribution in the core as calculated
in Ref.[26], we estimate |~m|/Ms ≈ 7900 nm
3. Figure 4(d)
shows the magnetic field produced by the dipole moment
at the top and bottom faces of the disk with ~m aligned
along the z-axis, and tilted by φ = 1◦ with respect to the
z-axis. The asymmetry of ∼ 0.001Ms produced by this
tilt angle is consistent with the resulting deformation of
the vortex magnetization seen in the simulation as magne-
tostatic charge is rearranged on the surfaces of the disk in
response to this magnetic field. This out-of-plane magne-
tization extending in the direction of ∆H gives rise to the
(c) (d)
200 A/m, bottom
200 A/m, top
0 A/m
80400-40-80
x (nm)
-20
-15
-10
-5
80400-40-80
x (nm)
-6
-4
-2
x
y
z
x
y
z
(a) (b)
top
bottom
M
z/
M
s
×
1
0
-3
H
z/
M
s
×
1
0
-3
 =0 
 =1 , top
 =1 , bottom
M
z /M
s
0
<-5!10-4
>5!10-4
Figure 4: (a) and (b) Simulated Mz component of magnetization of
a 30-nm-thick Py disk with 2µm diameter and with a pinning site
at the center of the disk, in a magnetic field Hx = 200 A/m (a) and
Hx = 400 A/m (b). (c) Line cut ofMz/Ms taken at the center of the
disk between the white dotted lines in (a). The line cuts were taken
at H = 0 A/m and Hx = 200 A/m at the top and bottom surfaces
of the disk. (d) The field Hz/Ms produced by a dipole moment
|~m| = |
´
~Mzd3x| tilted from the z-axis by angle φ in the x-direction.
The moment is positioned at the center of the disk and the field is
calculated at the top and bottom surfaces.
observed feature near the center of the pinned ∆M˜z map.
Once the field has increased sufficiently to depin the vor-
tex core, the energy is reduced by translating the vortex
core instead of tilting it, as seen in Fig. 4(b). Here, the
vortex core is no longer at the center of the disk, and the
halo is largely symmetric once again. This motion of the
vortex core produces the feature at the center of the disk
perpendicular to the ∆H .
We can confirm the assignment of features in the ∆M˜z
maps by comparing the unmasked and masked images, in
Fig. 3(c) and 3(d). In the pinned case, masking the vor-
tex core from the simulated image does not greatly affect
the image, indicating that the central feature is from the
magnetization response away from the vortex core – as
explained above, it appears in the region surrounding the
core in response to tilting of the core magnetization. In
contrast, the central feature in the unpinned ∆M˜z map
5
disappears completely when the vortex core is masked,
consistent with the explanation that this feature arises
from displacement of the vortex core.
4. Conclusion
We have employed a scanning magneto-optical microscopy
technique to probe the response of vortex domains in micron-
scale magnetic disks to changes in magnetic field. By using
a double-modulation scheme with two lock-in amplifiers,
we are able to characterize the pinning sites present in the
structure, and achieve measurements with sufficient sensi-
tivity to observe changes in magnetization even while the
vortex is “pinned.” We observe deformation of the vor-
tex in the pinned state, as the magnetization away from
the core is torqued by both the applied field, and the field
from tilting of the pinned vortex core. These results yield a
more detailed picture of how magnetic domains propagate
in the presence of disorder.
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